Immunogold electron microscopy has identified a variety of blood-brain barrier (BBB) proteins with transporter and regulatory functions. For example, isoforms of the glucose transporter, protein kinase C (PKC), and caveolin-1 are BBB specific. Isoform 1 of the facilitative glucose transporter family (GLUT1) is expressed solely in endothelial (and pericyte) domains, and ϳ75% of the protein is membrane-localized in humans. Evidence is presented for a water cotransport function of BBB GLUT1. A shift in transporter polarity characterized by increased luminal membrane GLUT1 is seen when BBB glucose transport is upregulated; but a greater abluminal membrane density is seen in the human BBB when GLUT1 is downregulated. PKC colocalizes with GLUT1 within these endothelial domains during up-and downregulation, suggesting that a PKC-mediated mechanism regulates human BBB glucose transporter expression. Occludin and claudin-5 (like other tight-junctional proteins) exhibit a restricted distribution, and are expressed solely within interendothelial clefts of the BBB. GFAP (glial fibrillary acidic protein) is uniformly expressed throughout the foot-processes and the entire astrocyte. But the microvascular-facing membranes of the glial processes that contact the basal laminae are also polarized, and their transporters may also redistribute within the astrocyte. Monocarboxylic acid transporter and water channel (Aquaporin-4) expression are enriched at the glial foot-process, and both undergo physiological modulation. We suggest that as transcytosis and efflux mechanisms generate interest as potential neurotherapeutic targets, electron microscopic confirmation of their site-specific expression patterns will continue to support the CNS drug discovery process.
INTRODUCTION
Blood-brain barrier (BBB) microvasculature consists of two capillary cell components (pericytes and endothelia), which are typically surrounded by glial cell end-foot processes. A number of major characteristics of BBB endothelial cells have been shown to be astrocyte dependent, 1 providing a rationale for the close association of the glial-end foot processes and endothelial cells. Functional differences (i.e., polarization) between the luminal and abluminal membranes have been described, resulting in further investigation of specialized domains within the blood-brain barrier capillary. The distance separating the luminal and abluminal capillary membranes is 300 -500 nm in human brain microvessels. 2 The association of abluminal capillary cell membrane with the surrounding glial end-foot processes is equally intimate in normal brain, but it can be reduced 3 or significantly thickened 4 in pathological conditions. The basal lamina is an acellular membrane composed of type IV collagen, fibronectin, and laminin interposed between endothelial cells and astrocytic end feet. 5, 6 In our experience, the human basal lamina is typically on the order of 150 -200 nm in thickness but can reach ϳ400 nm in immersion-fixed pathological specimens.
Because the basal lamina is so small, it has created a great deal of confusion in assigning ligand reactivity to the different endothelial and glial domains. In standard light microscopy, resolution of such differences in tissue sections of 5-10 m in thickness is challenging. The close juxtaposition of the luminal, abluminal, and glial foot-domains requires that high-resolution methods be used to confirm putative differences between these structures. Even when higher resolution double-label confocal microscopy is used to identify membranes and nuclei, Stewart et al. 7 indicate that only in the region of the endothelial nucleus are the luminal and abluminal membranes sufficiently far apart to be distinguished. A careful three-dimensional image reconstruction of overlapping glial, endothelial nuclear, and endothelial membrane intensities (three different known signals) was required to reliably assign the intermediate signal of a fourth (unknown) transporter test signal locus to the abluminal membrane domain. 8 Immunoelectron microscopy using gold markers is the preferred method because it permits (high resolution) detection of specific cellular proteins in endothelial versus glial domains. This technique has undergone a steady development over the past years because it meets the need to precisely assign macromolecules to specific locations and domains within both tissues and cells. It has also been used to reveal antigens that may be present in low or trace amounts at specific locations, and thus contributed to a greater understanding of cell mechanisms and functional specialization domains within tissues. In contrast to both light microscopic immunocytochemistry and confocal immunofluorescence localization studies, immunogold electron microscopy (EM) uniquely provides the ability to quantitatively analyze protein expression at specific cell and tissue locations. In EM, considerable differences in BBB epitope densities may be seen in comparing different brain regions. 9 -11 For example, brain capillary membrane GLUT1 glucose transporter densities vary by a factor of 2-to 3-fold in a comparison of cerebellum, hippocampus, and frontal cortex microvasculature. 12 In light and confocal microscopic procedures, the apparent quantity of reaction product observed at a specific cellular domain (such as an external membrane) cannot be directly related to the membrane density of the target. In contrast, the quantitative assessment of EM-gold particles on luminal and abluminal membranes within the same cell precisely identifies the quantity of immunoreactive epitopes within these two domains. Quantitative analyses of entire capillary profiles, as opposed to sectors or regions, are advocated 13 because this technique recognizes the capillary profile as a functional unit, and reduces the likelihood of tissue sampling errors.
THE GLUCOSE TRANSPORTER IN BBB ENDOTHELIA
The GLUT1 transporter represents 5% of the total protein in human erythrocytes, and it was generally believed that this enrichment of GLUT1 was the highest concentration density for any glucose transporter. 14 However, EM immunogold analyses of human brain resections clearly demonstrated that the overexpression of GLUT1 is 150% greater in BBB endothelial membranes from seizures than in erythrocytes, 15 and luminal membranes in brain injuries contained 300% more GLUT1 than red cells. 16 To confirm that immunogold density in the BBB was functionally related to transporter membrane density, developmental modulations in BBB glucose transport have been examined in vivo. A physiological study comparing newborn, suckling, weanling, and adult rabbits was executed. The half-saturation constant (Km) was unchanged, but transporter maximal velocities (ϭ Vmax, an indicator of the activity and relative number of transporter proteins) increased significantly with age. 17, 18 Quantitative Western blotting analyses of the concentration of immunoreactive GLUT1 in mass-isolated microvessels at these four developmental stages also correlated significantly with these changes in Vmax. 19 Because the quantitative Western blot analyses of immunoreactive GLUT1 in isolated microvessels indicate total cellular GLUT1, and transporter activity in vivo is a function of transporter concentration at the membrane (and transporter mobility), further investigations used electron microscopic immunogold analyses of GLUT1 reactivity in endothelial cytoplasm and membranes. 17 Capillary profile ultrastructure changes significantly during development; luminal membrane amplification and mean cytoplasmic thickness are two parameters which dramatically decrease. A digital analysis of capillary profiles was performed in association with GLUT1-immunogold particle counting of newborn through adult (1, 14, 28 , and 75 days old) cortical rabbit brain samples. Transporter maximal velocities (determined in vivo) indeed correlate with the number of GLUT1 immunoreactive sites per micron on the luminal and abluminal membrane circumferences. 17, 18 This demonstration of longitudinal upregulation of physiological transporter activity in vivo provided convincing evidence that quantitative electron microscopic analyses of membrane-associated immunoreactive transporter are a valid indicator of functional changes.
POLARITY OF THE BRAIN MICROVASCULATURE
The polarity of the blood-brain barrier is an unusual feature of the cerebral microvasculature. The concept is that luminal and abluminal membranes of the brain capillaries are not identical, but instead exhibit asymmetric differences characterized by either qualitative or quantitative differences in expression of selected membrane components. Table 1 presents examples of studies in which localized luminal and/or abluminal expression of a wide variety of different ligands has been examined, and emphasizes data derived from in vivo analyses. The fact that there is not complete agreement in assigning all ligands to a specific BBB domain is a further indication of the fact that sometimes even techniques such as confocal microscopy do not provide a definitive assessment. The microvascular-facing membranes of the glial end foot processes, which are in contact with the capillary basal laminae, are also highly polarized in situ 5 as discussed below.
Luminal and abluminal membrane fractions have been mass-isolated from bovine brain capillaries. The disadvantage with this technique is that the final product yields only partially purified membrane vesicle populations. 46 This technique may not be suitable for the study of abluminal and luminal membrane differences because sodium-potassium-ATPase is used as a marker of the abluminal fraction. As indicated in Table 1 , this enzyme was also thought to be specifically localized to abluminal membranes, but recent studies indicate it is enriched in abluminal membranes and also present on the luminal BBB. 35, 46 The other marker used to identify abluminalenriched fractions, the alanine preferring System A amino acid transporter, 47 is also present in glial cells; and glial contamination cannot be discounted in any analysis Luminal membrane expression of SGLT1 is suggested 45 of mass-isolated brain capillaries. 31 Table 1 also exemplifies that for many BBB transporters, abluminal-luminal membrane shifts have been identified in normal biological conditions (e.g., development) that further challenge the use of mass isolated membrane fractions. Analyses of intact cells is more informative for polarity studies of membrane proteins (such as GLUT1 or MCTs) because populations of single endothelia are examined, and comparisons can be made between resected tissues from several different sources. These analytical studies show that there can be greater differences in GLUT1 expression between adjacent endothelial cells than between the luminal and abluminal membranes. 2 The first descriptions of BBB polarity did not come from microscopic analyses. Betz and Goldstein 20 showed that in isolated brain capillaries, Na ϩ -dependent neutral amino acid transport could be demonstrated. Because in vivo studies demonstrated that this transporter was not functional (i.e., on the luminal membrane), they proposed polarity of the BBB to explain these observations. Using electron microscopic localization in combination with capillary isolation techniques, Betz et al. 21 reported the localization of Na ϩ K ϩ ATPase and 5Ј-nucleotidase activity to the abluminal membrane, whereas alkaline phosphatase and ␥-glutamyl transpeptidase were found in both luminal and abluminal membrane domains. Cremer et al. 48 and others 49 -51 recognized from in vivo studies that glucose transport, which was operationally treated as permeation through a single membrane, actually represented glucose movement through a double (luminal and abluminal) membrane barrier. It was generally accepted that blood-to-brain influx, and brain-toblood efflux of glucose were equal (or symmetrical). 49 -52 Cunningham et al. 51 considered the possibility that BBB glucose transport could be kinetically analyzed in terms of translocation through a single membrane, or alternatively via individually (asymmetric) luminal and abluminal membranes. From these double-membrane mathematical analyses of brain glucose transport in modulated states (wherein anesthetized and conscious animals, or control and kainate-treated rats were compared) asymmetric distributions of capillary glucose transporter were predicted. 48, 51, 53 Immunogold electron microscopic studies, using antisera to the GLUT1 glucose transporter, were used to study the subcellular distribution of transporter protein in the BBB. 17,54 -56 In dog brain capillaries, Gerhart et al. 54 observed a symmetrical distribution of GLUT1 epitopes between the luminal and abluminal membranes. In contrast, an asymmetrical distribution (wherein 3-to 4-fold more epitopes were seen on the abluminal membrane) was reported in rat brain capillaries by Farrell and Pardridge, 56 and confirmed in developing rabbits, 17 rats, 57 and mice. 10 This asymmetric distribution of glucose transporter between luminal and abluminal membranes may be a unique feature of BBB endothelia, characterized by species-specific different paradigms in human and other nonhuman primates.
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HIGH-(TYPE A) AND LOW-GLUT1-EXPRESSING (TYPE B) CAPILLARIES
In addition to the asymmetric distribution of GLUT1, two distinct capillary types were noted in the expression of human BBB GLUT1. We observed in vivo changes in the distribution of GLUT1 glucose transporters in brain tissues resected from patients undergoing surgery for treatment of their seizures (FIG. 1) . These two configurations of endothelial cell GLUT1 also exhibited significant differences in size; high expression of GLUT1 glucose transporter occurred coincidentally with a 30 -40% size increase in cross-sectional areas (lumens) of the type A capillaries. A digitized analysis of morphometric parameters of over 220 complete capillary profiles from five different resections also indicated that luminal and abluminal membrane circumferences were ϳ25% greater in type A capillary profiles. Capillary cytoplasmic areas was significantly enlarged in the type A profiles, and capillary thickness was similarly increased. 2 In this bimodal GLUT1 distribution pattern, the smaller (type B) endothelial cells consistently displayed low GLUT1 immunoreactivity. The size differences between these two types of capillaries is attributable to swelling in the GLUT1-upregulated endothelial cell. This is due to the fact that facilitative glucose transporters (of the GLUT supergene family) in addition to regulating glucose entry, cotransport water 58, 59 in the absence of an osmotic gradient, 60 perhaps via a gated channel mechanism. 61 Water transporters of the aquaporin family are not found in BBB endothelia, and Aquaporin 4 (AQP4, one of the water channel proteins that is significantly expressed in brain) is principally localized to the pericapillary glial foot processes. 62 Highly expressed transporter also causes swelling in isolated oocytes due to the cotransport of water via glucose transporter protein, 63 but in erythrocytes, the GLUT1 protein does not cotransport significant amounts of water because red cells have a separate (AQP-1) water transporter. 64 In capillary profiles where both type A and type B endothelial cells were present (FIG. 2) , the contiguous larger type A endothelial cells showed a 5-to 10-fold greater expression of membrane GLUT1 transporter protein. 2 The fact that red cells seen in the lumens of both type A and B capillaries exhibited identical concentrations of membrane GLUT1 emphasized that the phenomenon was not an artifact of fixation or immunogold staining (FIG. 2) . Furthermore, even when GLUT1 percentage was examined within endothelial cell domains, type A capillaries exhibited relatively more luminal membrane GLUT1, whereas abluminal membrane GLUT1 was predominant in type B capillaries (FIG. 3) . This analysis indicates that there was not only a marked quantitative change in glucose transporter expression, but a concomitant shift in GLUT1 polarity. The same bimodal pattern was seen in human brain injury, 16 but a slightly different bimodal GLUT1 distribution pattern was described in the retinal vasculature of the diabetic eye. 65 Brain regional GLUT1 differences, as well as shifts in GLUT1 polarity, have also been defined in mouse 9 -11,23 and rat 34 models of disease. For example, in control rats (both normal and stroke resistant), the abluminal:luminal GLUT1 ratio was found to be 4:1, but it was reduced to 1:1 in the stroke-prone hypertensive rat. 34 It was concluded that these changes in glucose transporter expression contributed to the pathogenesis of the disease.
REGULATION OF BBB GLUT1 VIA A PROTEIN KINASE C MECHANISM
In examinations of PKC immunoreactivity in human brain resections, we also observed type A profiles that exhibited high expression of PKC, type B profiles that exhibited low expression of PKC and type AB profiles that exhibited mixed expression of PKC. Figure 4 illustrates two serial sections of the same type AB profile in which the foreground section (FIG. 4A) illustrates PKC immunoreactivity and in the serial section (FIG. 4B) , GLUT1 immunoreactivity is displayed. Note that the type A endothelial cell that forms the right side of the capillary shows that GLUT1 and PKC expression are coincidentally upregulated in the endothelial cell forming the right border of the capillary. In contrast reduced GLUT1 and reduced PKC expression are seen in the type B endothelial cell (upper left). Closer examination also illustrates that relatively more PKC expression is apparent on the luminal than the abluminal membrane (FIG.  4A) , just as luminal membrane GLUT1 expression is greater than on the abluminal surface (FIG. 4B) .
In other studies of type A and B endothelia from human resections, the numbers of GLUT1-immunoreactive epitopes are also highly correlated with the number of PKC-gold epitopes seen in the endothelial cells. Populations of high-PKC-expressing (type A) cells and low-PKC-expressing (type B) cells are also apparent (FIG. 5  A) . Digitized morphometric analyses further indicate that type A profiles are larger than type B profiles, in both GLUT1 and PKC analyses (FIG. 5B) .
Many in vitro studies indicate glucose transporter activity is PKC mediated in a variety of different tissues,
FIG. 1.
A diagrammatic comparison of type A, AB, and B capillary profiles of the human brain microvasculature, as identified with EM GLUT1 immunogold studies. Some of the major differences are presented that summarize information gained from more than 25 surgical resections. The high-GLUT1-type A endothelia express 20-30 GLUT1 epitopes/m of luminal membrane, but the low-GLUT1-type B endothelial cells express only 1-2 GLUT1 epitopes/m of luminal membrane. Furthermore, in type A capillaries the luminal GLUT1 density Ͼ abluminal density. In contrast, the luminal density Ͻ abluminal membrane density in type B capillaries. Normal rat, mouse, and rabbit BBB exhibit the characteristics of human type B capillaries, but no erythrocyte GLUT1 immunoreactivity is apparent in these species. Human erythrocytes, within the lumens of either type A or type B profiles, exhibit 5-10 GLUT1 epitopes/m of surface membrane. The lower panel demonstrates that the total number of immunoreactive GLUT1 proteins per profile is an order of magnitude greater (p Ͻ 0.05) in type A than type B profiles. This overexpression of GLUT1 parallels remarkable changes in capillary morphology. The center panels demonstrate that in type A profiles, luminal and abluminal membrane circumferences are significantly (p Ͻ 0.05) larger. In addition the cytoplasmic cross-sectional surface areas are also significantly (p Ͻ 0.05) larger than in type B profiles, 2 as seen in the lower right panel.
including cytosol to membrane recycling in oocytes, 66 intestinal GLUT2 recruitment, 67 and translocation of GLUT1 in retinal capillary membranes 68, 69 and mesangial cells. 70 PKC also regulates translocation of GLUT1 71 and GLUT4 in muscle 72, 73 and fat cells. 74, 75 However, there is always a concern that demonstration of a regulatory mechanism in cultured cells in vitro may not replicate the in vivo situation with rigorous fidelity. Collectively, the data indicate that larger type A profiles also exhibit concomitantly greater GLUT1 and greater PKC expression, whereas smaller type B capillary profiles were consistently exhibit reduced expression of both GLUT1 and PKC. We conclude that in human brain capillaries in vivo, both GLUT1 transporter polarization, and the brain capillary bimodal GLUT1 configuration, are PKC mediated.
CAVEOLIN-1 IN BBB ENDOTHELIA
Caveolae are 50-to 100-nm vesicular invaginations of the plasma membrane involved in molecular transport, cell adhesion, and signal transduction. 76 Caveolin, a 21-to 24-kDa protein, is a principal structural component of caveolae, and three caveolin genes (caveolin-1, -2, and -3) have been identified. Endothelial cells are known to express the highest levels of caveolin-1. 76 Virgintino et al. 77 have reported that caveolin-1 and -2 are found in rat microvessels, and caveolin-1 is expressed in the human BBB. In the primate BBB, confocal microscopic studies indicate caveolin-1 is found in both endothelium and astrocytes. 78 In human seizure resections, we have observed caveolin-1 alpha expression is apparent throughout the BBB endothelia (FIG. 6) . Preliminary studies suggest abluminal enrichment, but at this time, it is not known whether caveolin-1 exhibits polarized expression in these capillaries. Altered caveolin expression may occur in several different human diseases, including cancer, Alzheimer's disease, and muscular dystrophy. 79 We examined caveolin-1 expression in experimental gliomas, studying nude mice implanted with U-87 human tumor cells. In these endothelia, the luminal surface of the capillary loses its uniform appearance and luminal membrane folding, and endothelial hyperplasia is seen. Vacuoles, invaginations, and extensions around the luminal membrane are apparent, and hyperplasia is seen along with enrichment of caveolin-1 expression (FIG. 7) .
Transcytosis is one of the first functional roles proposed for caveolae. Molecules such as albumin and insulin are known to undergo endothelial transcytosis in
FIG. 2.
A human BBB capillary immunostained for the full-length GLUT1 glucose transporter (identified by 10-nm gold particles), and GFAP (GFAP, linked to 20-nm gold particles, using antisera and methods described elsewhere.
2 Note the high GLUT1-expressing type A endothelial cell on the right side of the capillary can be sharply contrasted with the low GLUT1-expressing type B cell (open arrows) on the upper left. In the type A cell, luminal membrane expression is greater than that of the abluminal membrane, and erythrocyte membrane GLUT1 expression is intermediate between that of the type A versus the type B endothelial cell. GFAP epitopes (upper right) are uniformly distributed throughout the astrocyte. peripheral tissue, perhaps through different subsets of caveolae. 76 If insulin transcytosis at the BBB is similarly via caveolae, the up-or downregulation of caveolin-1 could affect vector-mediated brain drug delivery via the insulin receptor. Coloma et al. 80 have shown that the murine 83-14 monoclonal antibody to the human insulin receptor can indeed be used for brain drug targeting of neurotherapeutics that normally do not cross the BBB, and their study suggests that insulin receptor expression is more than adequate for this purpose. Further studies are needed to determine whether the expression of caveolin-1 protein is similarly adequate; if it is relatively increased in luminal, cytoplasmic, or abluminal membrane domains; and whether BBB caveolin-1 expression may be altered in certain neuropathological states.
Interendothelial tight-junction proteins in the BBB
The interendothelial tight junctions turn cell-to-cell contacts into zones of tight adherence, and as a consequence there is no paracellular pathway for drug or solute movement from plasma into the CNS. In capillaries of the BBB, the tight-junctional proteins ZO-1 (zonula occludens protein), occludin, claudin-1, and ␤-catenin are now known to be selectively expressed within interendothelial clefts.
34,81-83 During development, alterations in the expression of tight-junctional proteins have been reported, 81, 83 but no changes were seen in strokeprone hypertensive rats. 34 However, in a mouse model of muscular dystrophy, the strict localization of ZO-1 within tight junctions is lost, and the protein is more randomly apparent throughout the endothelial cytoplasm. 82 Claudin-5 is another major cell adhesion molecule of tight junctions in BBB endothelial cells. In normal brain, claudin-5 expression is apparently expressed intermittently along the entire interendothelial clefts (FIG. 8) , in a similar pattern to that seen for zonula occludens-1. 83 However in capillaries from brain tissue which is adjacent to a glioma (the rat RG-2 brain tumor), some amplification of the luminal membrane is apparent and the interendothelial cleft is reduced in length, resulting in a more confined claudin-5 expression (FIG. 9) . Other studies suggest that in claudin-5-deficient mice, there is a selective increase in BBB permeability limited to small molecules of less than 800, but larger molecules are restricted just like the normal BBB. 84 It has been suggested that if the BBB can be manipulated to allow selective entry of small molecules, claudin-5 may represent a possible target for the development of drugs designed for this purpose. 85 However, it is not known whether selective repression of claudin-5 would result in a compensatory upregulation of one or more of the many other tight-junctional proteins.
Like other tight-junctional proteins, occludin is not expressed on luminal or abluminal membranes, nor within the endothelial cytoplasm. It is localized to regions within the interendothelial cleft in both the mouse brain 83 and in normal rats (FIG. 10) . Collectively, these immunolocalization studies indicate that a multiplicity of specialized tight-junctional proteins exhibit expression that is restricted (in normal states) to the interendothelial clefts, and presumably their redundancy and variety ensures that tightly adherent cell-to-cell contacts are maintained at the BBB.
In the absence of an interendothelial route for BBB drug delivery, novel intraendothelial delivery mechanisms that use receptor-mediated transcytosis (RMT) pathways have been recently developed. 86 Ligands that are transported via the RMT pathways act as molecular Trojan horses (MTH) to ferry across the BBB any attached drug. The MTH may also be tethered to the surface of pegylated immunoliposomes (PILs) for nonviral gene transfer to the brain. The inset in Figure 10 (taken at the same magnification as the capillary) shows one of these liposomes, and illustrates the relative dimensions of this nonviral drug delivery system in comparison the BBB. The occludin-reactive sites within the BBB interendothelial junctions are identified by 10-nm immunogold particles, whereas the targeting antibody (e.g., to the transferrin receptor, TfR), which is attached to polyeth-
FIG. 3.
Quantitative immunogold EM permits analyses of epitope densities within different intracellular domains of the BBB endothelia. We compared capillaries consisting of high-GLUT1-expressing type A cells, and (low-GLUT1) type B capillaries. From a determination of the total GLUT1 epitopes per capillary profile, the percentages of cytoplasmic, luminal-, and abluminal-membrane GLUT1 proteins are compared. This analysis clearly suggests that in high GLUT1-expressing type A capillaries 45-50% of the GLUT1 is on the luminal membrane, 25% is cytoplasmic, and 25-30% is seen on the abluminal membrane. In contrast, about 45% of the GLUT1 proteins are abluminal in type B profiles, with 25% in the cytoplasmic domain, and about 30% seen in the luminal membrane. This analysis indicates that GLUT1 upregulation in BBB endothelia may involve a preferential shift of transporter to the luminal membranes, whereas GLUT1 downregulation may be associated with relatively increased abluminal transporter proteins. It also suggests that the luminal membrane transporter proteins may be more labile, and one possible mechanism could involve shedding of GLUT1 protein directly into the lumen. (Vertical bars ϭ 1 SD).
ylene glycol strands on the liposome, are identified by 20-nm immunogold particles. The immunoliposome is typically about 70 -100 nm in diameter, and this nanocontainer must undergo endothelial transcytosis. The intracellular path (i.e., the endothelial cell thickness) can range from 240 Ϯ 50 nm in the cortex of control rats 87 to 500 Ϯ 220 nm in the suckling rabbit. 17 These parameters are similar in humans where the endothelial thickness ranges from 370 Ϯ 170 nm (in near-normal resected tissue) to 420 Ϯ 110 nm in pathological specimens. 2 After exocytosis at the abluminal membrane, the liposome must traverse the basal lamina and undergo receptor-mediated endocytosis within the neuropil to deliver the intact liposomal cargo to the CNS. Given the relative sizes of the immunoliposome and endothelium, it seems highly likely that brain access is facilitated by molecular mechanisms involving caveolin-1-(FIGS. 6 and 7), or clathrin-mediated transcytosis. The liposome is synthesized with multiple MTHs on the distal ends of the polyethylene glycol strands that coat the immunoliposome (illustrated by the 20-nm gold particles in the inset of FIG. 10) . One or more of these targeting antibodies must presumably bind to the BBB receptor proteins, in order for caveolae to participate in the transcytosis of such a large nanocontainer.
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POLARIZATION AT THE GLIAL END-FOOT PROCESS
In close proximity to the abluminal endothelial membrane, and just external to the basal lamina, the micro- (FIG. 4A) ; and the GLUT1 glucose transporter, (background , FIG. 4B) . The pan-PKC antisera was prepared after immunization with a C-terminal 40-amino acid peptide fragment and obtained from Upstate Biotechnology (Lake Placid, NY). The GLUT1 antiserum is described elsewhere. 2 Note that in the type A endothelial cell which forms the right side of the capillary profile, high GLUT1 expression is readily apparent (FIG. 4B) . In the same cell, high PKC expression is also seen (FIG. 4A) , indicating colocalization of the two different epitopes. Luminal membrane PKC expression is also greater than abluminal PKC expression (FIG. 4A) , just as luminal membrane GLUT1 expression is greater than that seen on the abluminal membrane (FIG. 4B) .
vascular-facing membranes of the glial end foot processes are also highly polarized in situ. 5 For example, localized glutamine in the foot process is seen in osmotic stress 89 and tight-junctional structures linking adjacent end-foot processes 90 contribute to the pericapillary polarization. The gap junction protein, connexin-43 or Cx43, is highly expressed at the microvascular surface of these interconnecting end-foot processes. Lucifer yellow diffusion occurs via these gap junctions, localized to the pericapillary face of the end foot process. The purinergic receptors, P2Y(2) and P2Y(4), are also highly expressed around the perivascular end foot processes, where they colocalize with GFAP and form a center for purinergic signaling and participate in glial-endothelial regulatory functions. 5 In addition, water channel and monocarboxylate transporter activity is also seen in pericapillary glial membranes. 91 In sharp contrast, the glial cell expression of GFAP is not polarized to the foot process membranes in contact with the basal laminae, but instead it is more uniformly expressed in astrocytes throughout the neuropil (FIG. 2) .
PERICAPILLARY GLIAL MCT2 TRANSPORTER
Monocarboxylic acid transporters are important to brain function because they mediate the transport of lactate, pyruvate, and other substrates such as ketone bodies. Three monocarboxylic acid transporters (MCT1, MCT2, and MCT4) are found in brain. 92 Immunogold electron microscopic studies have shown different domain localizations throughout the entire brain for these isoforms. [91] [92] [93] [94] Within the neuropil, MCT2 is coexpressed with the ␦-2 glutamate receptor, and alternate labeling patterns are seen with different antisera. 95 However, within the cells of the BBB, MCT1 is highly expressed in the endothelia, and increased abluminal expression of MCT1 is seen in ketonemia. 32, 40 In contrast, MCT2 apparently localizes to the pericapillary glial foot membranes 91, 94 as shown in Figure 11 . Two other characteristics of MCT2 expression are also noteworthy. Firstly, it appears to be absent from brain capillary endothelial cells, as seen in Figure 11 . And secondly, MCT2 is the   FIG. 5 . A: In quantitative analyses of type A and B endothelia from human resections, note that the epitope density is ϳ8-fold greater in type A capillaries than in type B endothelia, and this difference is significant (p Ͻ 0.05) for both GLUT1 and PKC expression. Comparisons of type A and B capillaries indicate that the expression of GLUT1-immunoreactive epitopes is also highly correlated with the expression of PKC-gold epitopes in other capillary domains such as the abluminal membranes, or luminal membranes (not shown). B: Type A profiles are significantly larger than type B profiles, regardless of whether the endothelia are identified by their expression of GLUT1 or PKC epitopes. From these indications that larger type A profiles also exhibit concomitantly greater GLUT1 and greater PKC expression, we conclude that a PKC-mediated mechanism controls GLUT1 expression in the human BBB. (Vertical bars ϭ1 SD).
FIG. 6.
Caveolin-1 expression in the BBB endothelial cell from a human seizure resection. The rabbit polyclonal antiserum to caveolin-1 was obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA) and was used at a dilution of 1:100. Caveolins are known to participate in the formation of cytoplasmic vesicular structures, and transcytosis mechanisms. They may therefore assume an important role in facilitating the BBB transport of molecular Trojan horses that piggy-back large molecules via receptor transcytosis. This protein appears to have a predominant expression at the endothelial cell membranes and to a lesser extent within the cytoplasmic domain.
only monocarboxylate transporter that has been found in neurons. 92, 95 In ketonemic rats, Leino et al. 40 observed BBB upregulation of both endothelial MCT1 and endothelial GLUT1. Our studies confirm a similar upregulation of endothelial GLUT1 expression in cortex (not shown) and in the superior colliculi of fasted mice (FIG. 12) . However, pericapillary MCT2 expression was ϳ50% downregulated in these mice (FIG. 12) . In response to a single physiological change, these two different MCT trans- 
FIG. 10.
Occludin expression in the BBB cortex of a normal rat. The insets depicts a pegylated immunoliposome, illustrated at the same magnification as the capillary profile. Ten-nanometer gold particles are tagged to the polyclonal rabbit antiserum to occludin, which was obtained from Zymed Laboratories Inc., and used at a dilution of 1:500. Similar to the pattern seen in Figure 8 , occludin-immunoreactive epitopes are expressed intermittently along the length of the interendothelial junction, and no reactivity is apparent at any other BBB domain. A targeting antibody [e.g., rat antiserum to the mouse BBB transferrin receptor, TfR; or in control immunoliposomes (inset), normal murine IgG] is bound to the tips of the polyethylene glycol strands covering the immunoliposome, which is identified with goat antimouse 20-nm immunogold particles (Ted Pella Inc., Redding, CA). This illustration also compares the dimensions of this receptormediated drug delivery system with that of the biological barrier to the CNS. The PIL (depicted in the inset) ranges from 70-100 nm in diameter, and its path of transcytosis through the capillary endothelial cell varies from 200-450 nm in thickness. In contrast, the average molecular mass of a typical CNS drug is 357 Da, and would be smaller than a 1-nm gold particle. Even when comparing the relative sizes of the 10 nm-gold labeled occludin epitopes to that of the PIL nanocontainer, this difference would significantly underestimate the increment in BBB large-molecule drug delivery that is achieved with molecular Trojan horse 86 technology. RBC ϭ red blood cell.
porter isoforms undergo shifts in expression which are opposite in direction. The same pattern is seen in neonates, where increased MCT1 32 occurs concomitantly with decreased MCT2 expression. 91 These studies suggest that within the confines of the BBB, there are different functional roles for the endothelial MCT1 versus the pericapillary-glial MCT2 isoforms.
PERICAPILLARY GLIAL AQP4 TRANSPORTER
Membrane proteins belonging to the family of aquaporins are known to mediate rapid water transport across cell membranes. The predominant aquaporin in brain is AQP4, 96 and even though it is absent in brain capillaries 97 several studies suggest that AQP4 mediates water influx during brain edema formation. For example, the extent of brain edema after an experimental stroke is reduced in AQP4 knockout animals.
98 AQP4 is highly expressed in brain astrocytes, and the distribution of this water channel protein across the astrocyte cell surface is unequal. Immunocytochemical studies indicate that AQP4 expression is normally detectable only in those membrane areas that are in contact with pial or perivascular basal laminae, 99 and several independent studies have confirmed this with high resolution electron microscopy. 62, 96, 97, 100, 101 In rats 87 and mice (FIG. 13A) , AQP4 is highly expressed at the astroglial membrane where it comes in contact with the basal lamina. Similarly enriched AQP4 expression in the glial foot process is seen in tissue resected from the area of a traumatic (human) brain injury (FIG. 13B) , and the absence of endothelial AQP4 expression is readily apparent. We also examined AQP4 FIG. 11. MCT2 expression in the mouse brain. The MCT2 chicken antiserum was obtained from Chemicon and was used at a dilution of 1:1000. In the mouse BBB capillaries, MCT2 expression was apparent localized externally to the basal laminae, and enriched along the membranes of the glial foot process that border on the microvasculature. No MCT2 expression was apparent within the capillary endothelial cells.
FIG. 12.
Fasting-induced alterations in BBB GLUT1 expression are in the opposite direction to the alterations in pericapillary glial end-foot MCT2 expression. As shown before, increased GLUT1 expression was seen. We observed this in the (frontal cortex, hippocampus, not shown, and) superior colliculus. Furthermore, overnight fasting decreased astrocyte monocarboxylic acid transporter (MCT2) expression in mice. Pericapillary and brain parenchymal MCT2 expression was reduced in fasted mice (right panel), whereas GLUT1 is upregulated (left panel). (Vertical bars ϭ 1 SD.) expression in a glioma resection (tissue adjacent to an astrocytoma) and confirmed the high expression of this water channel protein at the glial foot process membranes surrounding the capillaries (FIG. 13C) . Within the basal laminae an extracellular heparan sulfate proteoglycan, agrin, is found, and it is believed that agrin is necessary for the polarized distribution of AQP4 in the astrocyte. 99 In glioblastoma cells, AQP4 is redistributed away from the astrocyte membranes facing the basal laminae, and unlike the normal situation, the water channel protein now completely covers the parenchymal glial surfaces. These parenchymal membranes normally do not show AQP4 expression. After studying these changes in gliomas, it was concluded that agrin is necessary for the polarized distribution of AQP4 to the pericapillary glial membranes. 99 A recent report suggests that endothelial AQP4 can be seen in ␣-syntrophin knockout mice, and that endothelial expression may be seen in these mice when the water channel protein is lost from the adjacent membrane of the glial foot process. 98 These authors further indicated that endothelial AQP4 expression was quite low and FIG. 13. Aquaporin-4 expression compared in the mouse BBB (A), and human brain resections (B and C). The AQP4 rabbit polyclonal immunosera were obtained from Sigma and used at a dilution of 1:500. Note that in the mouse brain (A) the AQP4 epitopes are almost all at the glial cell membrane adjacent to the basal lamina. We observed less than 2% of the AQP4 immunoreactive epitopes could be assigned to an abluminal endothelial domain in the mouse. In human brain taken from an acute pathology (traumatic injury) AQP4 is expressed at the astrocyte membranes of the glial foot process that face the microvasculature (B). AQP4 expression is also seen on astrocyte membranes of the pia (not shown). In tumor-adjacent tissue taken an astrocytoma resection, where the basal lamina has become quite thickened (C), the expression of AQP4 at the astrocyte foot process membranes contacting the basal lamina is further confirmed. In EM immunogold examination of more than 30 different resections, we found no evidence for AQP4 expression within the endothelial cell domains of the human BBB.
suggested that it had escaped detection in previous studies 101 for this reason. In our preliminary examination of mice, we observed less than 2% of the immunogold epitopes associated with the endothelial cell, and these were invariably at the abluminal border ( see FIG. 13A ). It is not known whether this phenomenon is a specific characteristic of the mouse or not. Another consideration is the antiserum used to identify AQP4 epitopes. The endothelial AQP4 was identified with an antiserum to the C-terminal 17 amino acids. 98 We have observed that a C-terminal AQP4 antibody (obtained from Chemicon, Temecula, CA) identified only a small number of AQP4 epitopes when used at 1:15 dilutions (not shown). In contrast, the antibody to a 75-amino acid sequence of the AQP4 protein (Sigma, St. Louis, MO) readily identified AQP4 epitopes (at dilutions of 1:500) in a variety of different tissues (FIG. 13) . We have not observed any evidence for endothelial AQP4 in examinations of rat (not shown), human seizure resections (not shown), traumatic brain injury (FIG. 13B) , or astrocytoma resections (FIG. 13C) , and further quantitative digital analyses of AQP4 density within the capillary and pericapillary domains will resolve this issue.
CONCLUSIONS
Available information suggests that any attempts to modify paracellular transport pathways are unlikely to succeed because of the variety of tight-junctional proteins found at interendothelial BBB junctions. These different proteins impart a redundancy of function and ensure adhesion of the cell-to-cell contacts. Within the context of targeting pharmaceuticals across the BBB, the primary objective of the present work is to emphasize that the precise location, or BBB domain, is still not known for many potential BBB delivery targets. Furthermore, studies employing a variety of pathophysiological conditions have conclusively demonstrated that not only up-and downregulation, but significant domain redistribution of endothelial membrane proteins can occur. This is exemplified by the abluminal-luminal shifts seen for the GLUT1 glucose transporter protein and suggests that regulation is a combination of both abluminal-luminal membrane translocation as well as synthesis of transporter proteins. In insulin activation of fat and muscle cells, the GLUT4 glucose transporter is known to recycle from the cytoplasm to cell membrane, [102] [103] [104] but in the BBB (where the GLUT1 protein is insulin insensitive), there is no evidence for this cytoplasm-to-membrane recycling mechanism. One of the great challenges in BBB drug delivery research is to define the cellular mechanisms that regulate luminal and abluminal expression of receptor transporter proteins, an area that is poorly understood at this time. Another point worthy of emphasis, is that even though luminal or abluminal membrane enrichment is reported for a variety of proteins (Table 1) , the specific BBB domain for many recently identified proteins is either tentatively predicted, or controversial. For many transporters and receptors, their luminal membrane, abluminal membrane, or glial foot process locations have not yet been confirmed with highresolution electron microscopic methods.
Recent studies have contributed a significant body of information regarding the variety of efflux transporters which are operative at the BBB (as emphasized elsewhere in this theme issue). In designing novel BBB gene therapeutics, it will become essential to first identify with certainty, the precise intracellular locations of these transporters. Efflux of water has been shown via the AQP4 transporter localized to the glial cell membranes surrounding the BBB. 101 This work emphasizes that polarization of the pericapillary glial cell may be attributable in part to the presence of astrocytic efflux mechanisms, located on the cell membranes which contact the basal laminae. Hepatic MCT2 is associated with the bidirectional transport of hippurate, 105 suggesting that other proteins associated with efflux mechanisms may exhibit astrocyte-foot-process enrichment. Such a division of function would posit BBB influx mechanisms are more prominent in BBB endothelial cell domains, and the proteins that are highly expressed in the astrocytic foot processes may make greater contributions to BBB efflux than previously recognized.
In relation to drug delivery, if a target protein (such as an efflux transporter) has an endothelial cell domain, then target-manipulation with a gene therapeutic that utilizes the GLUT1 promoter (for example) would be effective within the endothelial cell of the BBB; however, its expression would not be promoted within the glial foot process. Likewise, if the target is expressed at the end-foot process of an astrocyte, a gene therapeutic that utilizes the GFAP promoter would result in expression within the glial foot process, with no expression in BBB endothelial cells. Consequently, it will be essential to determine if specific targets are situated internally or externally to the capillary basal laminae, to effectively promote gene therapeutic modifications of BBB function. Even though the basal lamina is only a few hundred nanometers in thickness, EM confirmation of capillary versus glial domains will be play an integral role in the success of molecular therapies and their delivery to targets beyond the BBB. Quantitative immunogold electron microscopy has already enhanced our understanding of brain capillary biology and will continue to make contributions to domain identification of novel targets, especially those which may participate in receptor-mediated transcytosis and BBB delivery of neurotherapeutics.
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